The genus Pectobacterium, which belongs to the bacterial family Enterobacteriaceae, contains numerous species that cause soft rot diseases in a wide range of plants. The species Pectobacterium carotovorum is highly heterogeneous, indicating a need for re-evaluation and a better classification of the species. PacBio was used for sequencing of two soft-rot-causing bacterial strains (NIBIO1006 T and NIBIO1392), initially identified as P. carotovorum strains by fatty acid analysis and sequencing of three housekeeping genes (dnaX, icdA and mdh). Their taxonomic relationship to other Pectobacterium species was determined and the distance from any described species within the genus Pectobacterium was less than 94 % average nucleotide identity (ANI). Based on ANI, phylogenetic data and genome-to-genome distance, strains NIBIO1006
The bacterial family Enterobacteriaceae includes several significant plant pathogens that cause diseases in different agricultural crops worldwide. The soft-rotting Enterobacteriaceae, which include the genera Pectobacterium and Dickeya, cause soft rot diseases in a wide range of plants, including potato (Solanum tuberosum) [1] [2] [3] . Species of these genera (Pectobacterium carotovorum, Pectobacterium atrosepticum, Dickeya dadantii and Dickeya solani) are ranked among the most significant plant pathogenic bacteria in terms of economic and scientific importance [4] . Since potato is the world's third most important food crop after rice and wheat, and is produced on all continents except Antarctica [5] , these pathogens lead to reduced crop yields and severe economic losses for potato producers worldwide [6] .
Soft rot of tubers is typically initiated at the stolon end and results in maceration of the plant tissue by plant cell-walldegrading enzymes, such as pectinases, cellulases and proteases that are the main virulence factors of these bacteria [7] . Blackleg disease is characterized by a slimy, wet, black rot and develops at the stem base of the growing plants [1] .
The genus Pectobacterium was first proposed in 1945 to include the pectinolytic Enterobacteriaceae [8] , but the classification has been subject to extensive revision over the last decade and it is likely that several of the genome-sequenced Pectobacterium strains have been incorrectly assigned to P. carotovorum [9] [10] [11] [12] . P. carotovorum is a heterogeneous species that includes the subspecies P. carotovorum subsp. carotovorum, P. carotovorum subsp. odoriferum and P. carotovorum subsp. brasiliense [9, 13, 14] . Members of the P. carotovorum subspecies are widely distributed [1] and have been isolated from several host plants, soil and water [2, 3, 15] .
This study aimed to establish the taxonomic status of two strains (NIBIO1006 T and NIBIO1392), initially classified as members of P. carotovorum by fatty acid analysis and sequencing of three housekeeping genes (dnaX, icdA and mdh); and of strain NCPPB3395 from the Netherlands, previously assigned to P. c. subsp. carotovorum. NIBIO1006 T was obtained from potato tubers showing severe symptoms of soft rot in Norway in 2010, and NIBIO1392 was obtained from a latently infected tuber in 2013 as previously described [16] . NIBIO1006
T was selected for whole genome sequencing because of its aggressiveness on potato tubers. NIBIO1392 was selected for genome sequencing based on phylogenetic results in a previous study [16] where it clustered together with NCPPB3395, separately from P. c. subsp. carotovorum NCPPB312
T .
For genome sequencing, genomic DNA was extracted using Genomic-tips 500/G (Qiagen) according to the manufacturer's instructions. A library was prepared using the Pacific Biosciences 20 kb library preparation protocol, and size selection of the final library was performed using BluePippin (Sage Science) with a 9 kb cut-off. The libraries were sequenced, at the Norwegian Sequencing Centre, using a PacBio RS II sequencer (Pacific Biosciences), and P6-C4 chemistry with 360 min movie time on one single-molecule real-time (SMRT) cell. The reads were assembled using HGAP v3 (Pacific Biosciences, SMRT Analysis Software v2.3.0). The Minimus2 software of the AMOS package was used to circularize the contig, which was confirmed by a dot plot to contain the same sequence at the beginning and end of the contig. RS_Resequencing.1 software (SMRT Analysis version v2.3.0) was used to map reads back to the assembled and circularized sequence in order to correct the sequence after circularization. The genomes were annotated using the NCBI Prokaryotic Genome Annotation Pipeline [17] , GeneMarkS+ v3.3 and the Rapid Annotation System Technology (RAST) server [18] . The complete genome sequence of NIBIO1392 consisted of one single circular chromosome of 5 008 416 bp and contained 4221 coding sequences (CDSs), while the genome sequence of NIBIO1006 T consisted of one single circular chromosome of 4 826 824 bp and contained 4056 CDSs. The genomes of both strains contained eight copies of 5S rRNA genes, seven copies of 16S rRNA genes, seven copies of 23S rRNA genes, 77 tRNA genes, as well as five and six non-coding RNA genes, respectively. The DNA G+C contents of both strains were 52 %. The whole genome sequences of strains NIBIO1006
T and NIBIO1392 were deposited in GenBank under accession numbers CP017481 and CP017482, respectively.
The multiple genome alignment tools Mauve [19] and Parsnp [20] were used to investigate the phylogenetic relationships among NIBIO1006
T , NIBIO1392 and NCPPB3395 and other published Dickeya and Pectobacterium genomes. An alignment of the 16S rRNA gene of Dickeya species and Pectobacterium species was performed using the neighbour-joining method implemented in CLC Main Workbench 7 followed by reconstruction of a phylogenetic tree. The Jukes-Cantor model was used for analysis and a consensus tree was built on the basis on 1000 bootstraps. NIBIO1006
T and NIBIO1392 did not cluster with P. c. subsp. carotovorum NCPPB312 T in phylogenetic analysis based on the 16S rRNA gene and whole genome alignment, but resided in the same cluster as NCPPB3395 (Fig. 1) . The 16S rRNA sequences of NIBIO1006
T and NIBIO1392 were deposited in GenBank under accession numbers MG022083 and MG022082, respectively.
Pairwise comparison of the genomes of NIBIO1006
T and NIBIO1392 to other published Pectobacterium and Dickeya genomes was performed using the average nucleotide identity (ANI) calculator (Table 1 ) [21] . Strains NIBIO1006 T and NIBIO1392 shared an ANI of 96.9 %. They shared 92.9 and 93.0 % identity with P. c. subsp. carotovorum
NCPPB312
T , which is below the suggested cut-off value of 95-96 % to delineate bacterial species [22] . Moreover, both strains were 96 % identical to P. carotovorum NCPPB3395, which has been suggested to represent a novel species in a recently published re-evaluation of the taxonomy of Dickeya species and Pectobacterium species [12] .
The genome-to-genome-distance calculator GGDC 2 (http://ggdc.dsmz.de/) was used to predict digital DNA-DNA hybridization (dDDH) values [23] . The estimated dDDH value was 67.7 and 68.1 % when NCPPB3395 was used as query ( Table 2 ). The estimated dDDH values when strain NCPPB312
T was used as query were as low as 52.4 and 52.5 %. These results are in agreement with the ANI values and clustering of the strains in the phylogenetic analysis, and hence support the proposition of a novel Pectobacterium species, Pectobacterium polaris sp. nov., which includes NIBIO1006
T , NIBIO1392 and NCPPB3395.
The genomes of NIBIO1006 T and NIBIO1392 were screened for horizontally acquired DNA using the IslandViewer search tool [24] (Fig. 2) . For strain NIBIO1392, 53 putative genome islands (GIs) that range from 4.0 to 98.4 kb were detected, of which the largest consisted of 98 408 bp with 83 predicted protein coding regions. For strain NIBIO1006
T , 36 putative GIs that range from 4.2 to 16.4 kb were detected, and the largest consisted of 16 439 bp and was predicted to encode 14 proteins. Genes encoding tRNAs, transposases and integrases, as well as genes related to prevention of host death, flagella, transcriptional regulation and the type VI secretion system, could be identified in the GIs of both strains. Furthermore, genes related to antibiotic biosynthesis, phages, tellurite resistance, toxin-antitoxin systems and the type IV secretion system were identified in the GIs of strain NIBIO1392. Genome alignment with Mauve comparing NIBIO1006 T and NIBIO1392 clearly showed putative GIs and a large inverted region in NIBIO1006 T compared to NIBIO1392 (Fig. S1 , available in the online version of this article).
The PHAST server [25] was used to identify and annotate prophage sequences within the bacterial genomes. Two incomplete prophage regions of 19.2 kb (PHAGE_Bur-kho_BcepMu_NC_005882) and 21.7 kb (PHAGE_Enter-o_P4_NC_001609) were identified in P. polaris NIBIO1392. For P. polaris NIBIO1006 T , three incomplete prophage regions of 23.4 kb (PHAGE_Burkho_BcepMu_NC_005882), 8.5 kb (PHAGE_Escher_HK639_NC_016158) and 18.5 kb (PHAGE_Entero_P4_NC_001609) were identified.
TXSScan [26, 27] on the Mobyle-based webserver [28] was used to predict the presence of secretion systems in P. polaris NIBIO1006 T and NIBIO1392. Genes related to all six secretion systems (Types I-VI) known from Pectobacterium were present entirely or in parts in the two genomes. In addition, 26 and 27 genes encoding putative proteases were identified in P. polaris NIBIO1392 and NIBIO1006 T , respectively. Both strains encode two putative metalloproteases, which may play different roles in virulence: either by attacking plant cell-wall proteins or by degrading enzymes secreted by the pathogen [29] . Pectobacterium species primarily cause disease by the coordinated and prolific production of a variety of plant cellwall-degrading enzymes [30] . A total of 12 genes encoding putative pectate lyases and two genes encoding cellulases were identified in each of the sequenced strains. Genes related to nitrogen fixation (nifA, B, E, H, N, Q, W and X) were found in both strains, including the gene encoding the key N 2 -fixing regulator NifA [31] . Nitrogen fixation is a potential advantage for survival in the soil or rhizosphere and a nitrogen (N 2 ) fixation gene cluster was reported from the first complete Pectobacterium genome, that of P. atrosepticum [32] . There are 34 genes encoding putative transmembrane chemoreceptors known as methyl-accepting chemotaxis proteins (MCPs) in each of the two genomes, which is about the same number as reported for P. atrosepticum strain 1043 (36 MCP genes), and considerably more than in other sequenced enterobacterial genomes [32] . MCPs allow bacteria to track gradients of Fig. 1 . Phylogenetic trees of Pectobacterium species and Dickeya species strains based on the 16S rRNA gene (a) and whole genome alignment using Parsnp (b). The 16S rRNA tree was made using the neighbour-joining method. The Jukes-Cantor model was used for analysis and the tree was built on the basis on 1000 bootstraps. Bar, 0.015 changes per nucleotide position. attractive and repellent chemicals in their environment and mediate chemotactic behaviours [33, 34] . The relatively high number of MCPs in plant pathogens, compared to enterobacterial animal pathogens, may indicate that Pectobacterium strains have adapted to a fluctuating environment, which is consistent with their widespread presence [29] .
The aggressiveness of the two P. polaris strains NIBIO1006
T and NIBIO1392 was confirmed by a maceration assay on potato tubers essentially as described by Laurila et al. [35] . In vitro tubers of the cultivar Romera, obtained from Overhalla Klonavlsenter AS, were wounded by piercing them at two sites and the wounds were inoculated with 30 µl of bacterial suspension (A 600 =0.8). Ten tubers were inoculated per strain and additionally 10 tubers were inoculated with PBS as a negative control. The tubers were placed in plastic boxes and incubated at room temperature for 72 h. After incubation, the tubers were cut vertically through the inoculation points, the macerated tissue was carefully scraped out and the weight of rotten tissue (grams) was recorded. The reference strain P. c. subsp. carotovorum NCPPB312 T was included in the assay for comparison. The ability to macerate potato tissue was significantly greater for P. polaris NIBIO1006 T (5.8 g, SE: 0.27) and NIBIO1392 (5.8 g, SE: 0.20) than for P. c. subsp. carotovorum NCPPB312 T (5.0 g, SE: 0.16) (Fig. S2 ).
Biochemical characterization of P. polaris NIBIO1006 T , NIBIO1392 and NCPPB3395 and P. c. subsp. carotovorum NCPPB312 T were done using API 50CH and ID 32E strips (bioM erieux), according to the manufacturer's instructions. The P. polaris strains NIBIO1006
T , NIBIO1392 and NCPPB3395 tested positive for amygdalin, arbutin, D-xylose, Fig. 2 . Genome comparisons and predicted GIs. Genome alignment of P. polaris NIBIO1006 T (a) and P. polaris NIBIO1392 (b) to P. carotovorum strains PC1 and PCC21 using BLAST Ring Image Generator (BRIG) [37] . (a) The rings from inner to outer representing P. polaris NIBIO1006 T , G+C content, GC skew, P. polaris NIBIO1392, and P. carotovorum strains PC1 and PCC21. (b) The rings from inner to outer representing P. polaris NIBIO1392, G+C content, GC skew, P. polaris NIBIO1006 T , and P. carotovorum strains PC1 and PCC21. GIs of strains NIBIO1006
T (c) and NIBIO1392 (d) as predicted by the IslandViewer web server. Predicted GIs are coloured based on the tools used: IslandPick, based on comparative genomics (green); SIGI-HMM, which predicts GIs based on a hidden Markov model (orange); IslandPath-DIMOB, which predicts GIs based on features associated with GIs, such as sequence bias, tRNAs, and integrases and transposases (blue); and an integration of the three methods, IslandPath-DIMOB, SIGI-HMM and IslandPick, which predicts based on comparative genomics (red). The black line represents the percentage G+C content. (Table 3 ). None of the tested compounds distinguished the four strains tested.
Fatty acid methyl ester contents were determined for P. polaris NIBIO1006 T , NIBIO1392 and NCPPB3395, P. c. subsp. carotovorum NCPPB312 T and D. solani IPO2222 T (Table S1 ) according to Sasser [36] . The whole-cell fatty acids of all strains were dominated by straight-chain components, while no clearly discriminative fatty acid component was detected among Pectobacterium strains. D. solani IPO2222 T , analysed for comparison, showed a clearly different pattern, lacking straight-chain acids C 10 : 0 , C 13 : 0 and C 11 : 0 .
In conclusion, DNA-DNA relatedness analysis, wholegenome sequences and phylogenetic data indicate that NIBIO1006 T , NIBIO1392 and NCPPB3395 represent a novel species, distinct from P. c. subsp. carotovorum (NCPPB312 T ), for which the name Pectobacterium polaris sp. nov. is proposed.
DESCRIPTION OF PECTOBACTERIUM POLARIS SP. NOV.
Pectobacterium polaris (po.la¢ris. N.L. gen. n. polaris pertaining to the potato cultivar Polaris, which was the source of the type strain). 
